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Migration and Function of a Glial Subtype
in the Vertebrate Peripheral Nervous System
guidance potential of particular subsets of axons and
glia can be tested in vivo using mutants that either ablate
or ectopically localize these cells (Hidalgo and Booth,
Darren T. Gilmour,1 Hans-Martin Maischein,
and Christiane Nu¨sslein-Volhard
Max Planck Institut fu¨r Entwicklungsbiologie
Abteilung Genetik 2000; Hidalgo and Brand, 1997; Hidalgo et al., 1995).
The ablation of peripheral glia in the Drosophila embryoSpemannstrasse 35
72076 Tu¨bingen demonstrates that these cells are required to direct the
guidance of both motor and sensory axons at the transi-Germany
tion zone (TZ) between the central and peripheral ner-
vous systems (Sepp et al., 2001). Conversely, in the
Drosophila wing, peripheral glia appear to use extendingSummary
axons as a pathway for migration, suggesting that, in this
context, it is the axons that guide the glia (Giangrande,Glia-axon interactions are essential for the develop-
ment and function of the nervous system. We combine 1994). Mutations that cause misprojection of these wing
nerves lead to the arrest of glial migration at the pointin vivo imaging and genetics to address the mecha-
nism by which the migration of these cells is coordi- where the axons go astray. This shows that although
proper axon pathfinding is required for normal glial mi-nated during embryonic development. Using stable
transgenic lines, we have followed the migration of gration, these axon-derived guidance cues alone are
not sufficient to determine glial position. As such high-one subset of glial cells and their target axons in living
zebrafish embryos. These cells coalesce at an early resolution approaches have not been applied to the
vertebrate embryo, the relationship between glial migra-stage and remain coupled throughout migration, with
axons apparently pathfinding for glia. Mutant analysis tion and axon pathfinding in the vertebrate PNS remains
unclear.demonstrates that axons provide instructive cues that
are sufficient to control glial guidance. Furthermore, Here, we take advantage of the external development
and transparency of the zebrafish embryo to follow themutations in the transcription factor Sox10/cls uncou-
ple the migration of axons and glia. Finally, genetic migration of a specific subset of glia and axons during
development. By generating transgenic fish that expressablation of this glial subtype reveals an essential role
in nerve fasciculation. GFP under the control of the zFoxD3/fkd6 promoter,
we have been able to characterize the behavior of a
peripheral glia subtype in intact living embryos. TwoIntroduction
color timelapse analysis, using transgenic embryos in
which axons have been labeled with a vital dye, revealsThe neural crest is a population of migratory, pluripotent
cells that delaminates from the dorsal neural tube and a completely synchronized co-migration of glia and ax-
ons, with axons apparently pathfinding for glia. Zebra-gives rise to a large number of cell types including cranial
cartilage, pigment cells, as well as glia and neurons of fish mutations that cause the misprojection of lateral
line nerve, through the ectopic expression of the growththe peripheral nervous system (Le Dourain and Kal-
cheim, 1999). Elegant embryological manipulations car- cone repellent Semaphorin 3A1, result in an identical
mislocalization of glia, indicating that axons provide in-ried out mainly in avian model systems have shown that
the neural crest cells (NCCs) follow two broad migration structive cues that control glial guidance. Mutations in
the transcription factor Sox10/cls uncouple the migra-routes known as the ventromedial and dorsolateral path-
ways (Bronner-Fraser, 1993). However, it is unclear which tion of these two cell types and rule out an essential
role for this glial subtype in lateral line axon guidance.specific cell-cell interactions guide the migrating crest
cells to their widespread destinations within the devel- However, glial ablation leads to a severe defasciculation
and disorganization of the lateral line bundle. By gener-oping vertebrate embryo.
Peripheral glia are one neural crest-derived cell type ating genetic mosaics, we provide evidence of a direct
role for these glial precursors in the regulation of lateralfor which the target tissue can be identified at the resolu-
tion of individual cells. Such glia, by definition, must line nerve fasciculation.
coalesce with neurons of the peripheral nervous system,
and this strict requirement for their coordinated devel- Results
opment suggests that these cells influence each other’s
migration. Therefore, an essential step in understanding Generation of zFoxD3GFP Transgenic Fish
the migration of these cells is to determine which cell zFoxD3, formerly called fkd6, is one of nine zebrafish
type guides which; do migrating glial precursors re- genes cloned on the basis of their similarity to the Dro-
spond to homing signals from neuronal axons or are the sophila forkhead gene and is one of the earliest markers
axons themselves guided by preexisting glia? It appears of pre-migratory neural crest cells in the zebrafish (Oden-
that the answer to this question depends on the particu- thal and Nusslein-Volhard, 1998). It is also transcribed
lar region of the peripheral nervous system studied. from a slightly later time point in the developing somites
Many studies using Drosophila have shown that the through which the streams of trunk neural crest migrate,
a fact that renders this in situ marker useless for studies
on very early crest migration. However, starting from 241Correspondence: darren.gilmour@tuebingen.mpg.de
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Figure 1. Fourteen Kilobases of the zFoxD3
Promoter Drives Expression of GFP in Migrat-
ing Neural Crest Lineages
(A) shows the construct that was used to gen-
erate zFoxD3GFP transgenic fish (pFKGB).
(B)–(G) compare the expression pattern ob-
tained from in situ hybridization with a
zFoxD3-specific probe (B, D, and G) to the
expression of the zFoxD3GFP construct in
transgenic embryos (C, E, and F). Fourteen
kilobases of zFoxD3 promoter is sufficient to
drive GFP expression in the pineal gland (ar-
rowheads in [B] and [C]) as well as lateral line
glial precursors (arrows in [D] and [E]) and
migrating pigment precursors (arrows in [F]
and [G]). (See also Supplemental Movie S1 at
http://www.neuron.org/cgi/content/full/34/4/
577/DC1.)
hr post fertilization (hpf), increased levels of zFoxD3 embryos express the GFP in migrating pigment precur-
sors, as well as non-crest-derived cell types such asexpression can be observed in what appears to be neural
crest-derived glial and pigment cell precursors, based neurons of the pineal gland, another characteristic fea-
ture of the zFoxD3 expression pattern. Most importantly,on morphology and position (Figure 1). In particular, very
strong expression can be observed in a chain of cells all lines show expression of the GFP reporter in PNS glia,
including those associated with the lateral line axons.running along the horizontal myoseptum, suggesting
that these cells could be glial cells associated with axons
of the lateral line system (Kelsh et al., 2000). The lateral Characterization of Lateral Line Glia
At 48 hpf, glia run along the horizontal myoseptum asline is a series of mechanosensory organs, known as
neuromasts, dispersed throughout the skin of fish and what appears to be two uninterrupted chains of cells
that are in close contact (Figure 2A). The horizontal myo-amphibia that allow them to feel vibrations in the sur-
rounding water. The neuromasts contain sensory hair septum also plays host to another crest-derived cell
type, namely melanophore cells of the lateral pigmentcell bundles similar to those found in the vertebrate
inner ear and migrate from a group of cranial placodes stripe. By day 4, these chains branch when single cells
break free and project ventrally at discrete locations(Gompel et al., 2001). The neurons that innervate the
neuromasts are also found within the placodes and are (Figure 2B), with these ventral branches becoming sev-
eral cells long by day 7 (Figure 2C). This branching be-not thought to be of neural crest origin.
In order to gain a clearer understanding of how this havior mimics a defasciculation event in the lateral line
axons and is necessary to allow the continued innerva-particular subset of neural crest-derived glia interacts
with its target axons, we generated stable transgenic tion of the sensory neuromasts that migrate to this fur-
ther ventral position (see Figure 2C for pattern of gliazebrafish lines expressing GFP under the control of the
zFoxD3 promoter. Analysis of transgenic embryos shows and neuromasts, axons are shown in Figure 6B).
The mimicking of lateral line axon behavior suggeststhat 14 kb of zFoxD3 promoter is sufficient to recapitu-
late many aspects of the transcription pattern of the that these zFoxD3-positive cells are indeed neural crest-
derived glia. We have tested the glial-specific molecularendogenous gene. As shown in Figure 1, transgenic
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markers GFAP (Marcus and Easter, 1995), S100, and
zPMP22 (Wulf et al., 1999) to confirm that these cells
show an expression profile characteristic of differenti-
ated glial cells. None of these markers are detectable
in these cells up until 72 hpf of development (data not
shown). The only glial markers that they do express,
zFoxD3 and Sox10, are also expressed throughout the
neural crest earlier. The prolonged expression of zFoxD3
alone is not sufficient to prove that these cells have
adopted a glial fate at this time and we will therefore
refer to these cells as neural crest-derived glial precur-
sors. This inability to unequivocally identify crest that
have adopted a peripheral glial fate by the expression
of molecular markers is a general problem in this field
(Britsch et al., 2001).
Tracking the Migration of Glial Precursors
in Living Embryos
We addressed the question of how these glial precursor
cells arrive at their final embryonic location by following
their migration in intact living embryos using timelapse
microscopy. As shown in the timelapse represented in
Figure 2D, these chains migrate directly along the hori-
zontal myoseptum in a strict rostral to caudal manner.
This finding was somewhat surprising as the majority
of crest cells, including melanophores of the lateral pig-
ment stripe, migrate in a direct dorsal to ventral direc-
tion. Interestingly, only the cells at the leading edge of
the chains show the polarized membrane protrusions
characteristic of migrating cells and demonstrate a dy-
namic morphology, similar to that of axon growth cones.
In contrast, cells further back in the chains extend no
protrusions and appear to be simply led. It appears
therefore that the leading cells are “pathfinding” for the
remainder of the cells in the chain.
Highly Synchronized Migration of Glial Precursors
and Lateral Line Axons
Live labeling of lateral line axons then allowed the rela-
tionship between glia and axons to be examined during
migration. This was done by injecting the lipophlic dye
DiD into the posterior lateral line placode (pLLP) in
zFoxD3GFP transgenic embryos and analyzing these by
two color confocal timelapse (n  40). Figure 3 shows
Figure 2. Behavior of Lateral Line Glial Precursors images taken from one such movie (Supplemental Movie
(A) Shows an image of lateral line glia in zFoxD3GFP transgenic S1 at http://www.neuron.org/cgi/content/full/34/4/577/
embryo at 48 hr post fertilization (hpf) taken with a 40 objective. DC1). The first obvious finding is that the lateral line
The glia precursors at this stage form two chains of cells in close
axons are almost completely ensheathed by migratingcontact. Individual cells within the chains cannot easily be distin-
glial precursors through the entire course of axon path-guished; the arrow points to what appears to be the cell body of
finding. We refer to this synchronized behavior as a co-one such cell.
(B) By 96 hpf, individual cells point ventrally at discrete locations migration of axons and glia (axon pathfinding is not
along the chains (arrowhead). Neural crest melanophores can also usually considered cell migration as it is the guided
be found at the horizontal myoseptum at this time (arrow). Four movement of a cellular extension rather than a whole
GFP-labeled iridiophore pigment cells, out of focus, can be seen in
cell. However, as these two processes share manythe bottom of this image.
mechanistic similarities, we will use the terms pathfind-(C) Figure shows a zFoxD3GFP transgenic larva stained with the
ing and migration interchangeably).vital dye FM4-64 (Molecular Probes) that labels neuromasts (shown
in red). The glia branches appear to contact the mechanosensory This type of in vivo analysis provides an unequivocal
neuromasts. answer to the question of who is leading whom in this
(D) Timelapse analysis of gfp-labeled cells shows that they migrate region of the fish peripheral nervous system. In all mov-
in a rostrocaudal manner along the horizontal myoseptum. Only
ies analyzed, the pioneer glia can be seen to lag slightlycells at the leading edge project filopodia; compare leading cell
behind the growth cones of the lateral line axons they(arrowheads) with cells within the chains (arrow). Scale bars: 20 m.
ensheath. The distance separating the two does not
remain constant during this process. DiD-labeled axons
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Figure 3. Co-Migration of Axons and Glial Precursors
(A) Illustration of placode injection method used to label posterior lateral line axons in 28 hpf embryos. Box shows the approximate region
captured in timelapse movie.
(B) Strip of images taken from two-color timelapse of a DiD-labeled lateral line nerve and GFP-labeled glial precursors in a zFoxD3GFP
transgenic embryo, with the time of image capture shown in minutes.
(C) Higher magnification views of the first three frames of strip shown in (B), with red, green, and overlay images shown separately. For each
time point, the lateral line axons are shown in the top panel, GFP-labeled glia in the middle, and the bottom image shows the overlay. The
green image is deliberately overexposed to allow visualization of the fine projections extended by the leading glial cells. In all images, these
glial processes (arrows) are less advanced than the axon growth cones (white arrowheads). When a single axon strays from the nerve bundle
(58, arrowhead), a leading glia cell responds by projecting an extension that mimics the shape of this axon (58, arrow). This glial cell then
migrates along this single axon, suggesting that even single axons can be used as a substratum for glial migration (100, broad arrow). The
yellow arrowhead in the 0 and 58 images indicates a projection from a more medially located GFP-positive cell, presumably a pigment
precursor, that is not part of the glial chain (see Supplemental Movie S1 on Neuron website). Scale bars: 20 m.
can be seen to stretch up to 20 m ahead of the leading Lateral Line Axons Are the Source of Instructive
Guidance Cues for Migrating Glial Precursorsglial cells. The glia then appear to respond by actively
migrating upon these axons to completely ensheath Stronger evidence for a direct instructive role for the
axons in the guidance of these glial precursors comesthem. Importantly, however, glial precursors have never
been observed to extend beyond the growth cones of from experiments using mutants with strong defects in
the pathfinding of the lateral line, such as those affectingthe axons they ensheath.
This observation suggests that the axons provide in- the sonic hedgehog signaling pathway. In mutants in
which Sonic hedgehog (shh) signaling is impaired, suchformation for glial precursor guidance in vivo. However,
it does not rule out the possibility that migrating glia as sonic you (syu) and you too (yot) (van Eeden et al.,
1996), which encode sonic hedgehog and gli2, respec-may simply be following the same guidance molecules
that the axons use during pathfinding. To begin to ad- tively (Schauerte et al., 1998; Karlstrom et al., 1999), the
horizontal myoseptum is not induced and Sema3A1 isdress this point, we took advantage of the fact that there
is a degree of variability in the precise course taken by expressed throughout the entire somite (Shoji et al.,
1998). As a result, the axons are repelled and avoid thislateral line axons in wild-type embryos. Work by Shoji
and colleagues has shown that the growth cone repel- region by turning ventrally and extending along the yolk
extension before terminating prematurely (Figure 4A).lant Semaphorin 3A1 (Sema3A1) is expressed through-
out zebrafish somite except in the region of the hori- Once repelled onto the yolk extension, the behavior is
stochastic and axons project to random positions.zontal myoseptum, and these authors argue that the
absence of the repellent around horizontal myoseptum Sema3A1 is not expressed in the yolk region of the fish
embryo. DiD labeling of lateral line axons in zFoxD3GFPensures that the axons choose this as the pathway for
migration (Shoji et al., 1998). The area that is free from transgenic embryos that are homozygous for syu or yot
demonstrates that glial precursors follow these axonsSema3A1 in wild-type embryos is significantly wider
than the myoseptum itself, and this could explain why into these erroneous territories in all embryos examined
(n  50). Furthermore, premature termination of thesethe behavior of growth cones is stochastic in this region.
However, the glial precursors follow the path taken by misrouted axons results in a concomitant termination
of glial precursor migration (Figure 4D). Importantly, glialaxons with remarkable precision. When axon growth
cones deviate from their normal route along the hori- precursors never “overshoot” their axons. This complete
dependence on axon position strongly suggests thatzontal myoseptum, the glia chains branch and glia run
along individual axons. This high-resolution colocaliza- the lateral line axons play an instructive role in the guid-
ance of these glial precursors.tion of axons and glia observed in wild-type embryos
supports the idea that glial precursors use the axons as However, there is one caveat that cannot be ignored
when trying to draw such a conclusion from these exper-a pathway for migration.
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Figure 4. Lateral Line Axons Guide Glial Precursors during Migration
(A) Schematic representing lateral line axon pathfinding phenotype in Shh pathway mutants. Expression of Semaphorin 3A1 throughout the
somite (shown in blue) repels extending axons (red) ventrally onto the yolk region, where they terminate prematurely. In wild-type embryos,
the horizontal myoseptum is free from Sema3A1 and forms a pathway for axon extension.
(B) Glial precursors colocalize with misrouted axons. DiD-labeled syu/, zFoxD3GFP embryo demonstrating the aberrant axon pathfinding
in this mutant. Glial precursors (green) and axons (red) show a strict colocalization even although axons extend along the yolk extension
(arrowhead). Arrow indicates the approximate position of the horizontal myoseptum in wild-type embryos. Note that once again the axon
growth cones are slightly advanced of the leading glial cell (arrowhead).
(C) Glial precursors migrate along single axons. Upper panel shows a DiI-labeled lateral line nerve in a shh (syu) mutant embryo. Here there
is a strong defasciculation of the nerve during extension. Lower panel shows both glia and axons, glial precursors can be seen to migrate
along individual defasciculated axons (arrow).
(D) Premature termination of axon extension leads to the arrest of glial precursor migration. Upper panel shows DiI-labeled nerve running
along the boundary between the somites and the yolk in a syu/ embryo, middle panel shows zFoxD3GFP-labeled glial precursors, bottom
panel is the overlay.
(E–G) Axon misrouting phenotypes in fss mutants. Anti-acetylated tubulin is used to label all axons (red) and anti-GFP is used to label
zFoxD3GFP-positive glial precursors (green). Glial precursors and lateral line axons remain coupled in all embryos examined. (F) shows that
that when axons leave the horizontal myoseptum, even transiently, they are followed by glial precursors.
iments. In addition to causing a severe misrouting of dependence on axon position. To rule out this possibil-
ity, we followed glial precursor migration in mutants thatlateral line axons, mutations in components of the sonic
hedgehog signaling pathway result in embryos that lack show misrouting of axons in the presence of a normal
horizontal myoseptum. Steve Wilson and colleaguesthe horizontal myoseptum, the structure which lateral
line axons and glial precursors migrate along in wild- have shown that there is a strong misrouting of the
posterior lateral line axons in fused somites (fss) mutanttype embryos. It is formally possible, therefore, that the
glial precursors are guided primarily by the horizontal embryos (Steve Wilson, personal communication). The
horizontal myoseptum is present in fss embryos andmyoseptum in wild-type embryos and only when this
structure is deleted, as is the case with shh mutants axons initially use this as path for their extension before
exiting and wandering completely randomly. Not only(van Eeden et al., 1996), do they show such a strong
Neuron
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Figure 5. Axons Are Required for Glial Migration but Glia Play No Obvious Role in Axon Pathfinding
Laser ablation of lateral line nerve arrests glial migration (A–D). (A) shows a DiI-labeled lateral line nerve just after laser ablation of the posterior
lateral line ganglion. A gap can be seen between the DiI-labeled ganglion (arrow) and the severed end of the nerve shaft (arrowhead). (B)
Ablation of the ganglion results in axon degeneration and only a diffuse trail of DiI crystals can be seen 5 hr later (this is a caudal view of the
same embryo, the arrowhead points to what appears to be extent of axon elongation). (C) Glial precursors overlap with the degenerated nerve
(arrowhead) and their migration is clearly retarded when compared to the unablated side of the same embryo (D).
(E and F) Lateral line glia are absent in Sox10/cls mutants. A wild-type embryo that is transgenic for zFoxD3GFP (E) is compared to a transgenic
Sox10/cls homozygous sibling (F). Lateral line glia are clearly visible in the wild-type but missing in the homozygous mutant (arrowheads).
Pigment precursors are trapped dorsally in the Sox10/cls/ mutant (arrows) whereas they are dispersed throughout the flank in wild-type.
(G) Timelapse of axon pathfinding in Sox10/cls:zFoxD3GFP embryo. DiI labeling of the lateral line nerve shows that pathfinding is normal in
the absence of glia. Time is shown in minutes in bottom left corner. Dynamic membrane projection from dorsally trapped pigment cell precursor
suggests that this cell is still viable at this time (arrowhead). (See also Supplemental Movie S2 at http://www.neuron.org/cgi/content/full/34/
4/577/DC1.)
does each mutant embryo show a unique pattern of the posterior lateral line axons in transgenic animals and
then killed the nerve by laser ablation of the cell bodies.axon projections, but the patterns are different on each
side of the same embryo, and this variability in pathfind- The labeled nerve was allowed to extend axons for sev-
eral somites before ablation to ensure that the lateraling phenotypes suggests that axon behavior is stochas-
tic in fss mutants. By crossing the zFoxD3GFP trans- line nerve and accompanying glial precursors could be
unequivocally identified (Figure 5A). By allowing signifi-gene into a homozygous fss background and antibody
staining lateral line axons (anti-acetylated tubulin) and cant migration before laser ablation, we also ensured
that laser ablation of the ganglion would leave the major-zFoxD3GFP-positive glia (anti-GFP), we find that glial
precursors always colocalize with mislocalized axons ity of the migrating glial cells unharmed. Ablations were
done unilaterally and only those embryos that showed(n  100, Figure 4). Glia precursors therefore prefer ax-
ons as a pathway for migration to the horizontal myosep- normal migration of glial precursors on the unablated
side were analyzed. Successful laser ablation leads totum. Timelapse of DiD-labeled fss:zFoxD3GFP embryos
shows that the axons lead the glia, like in wild-type, and degeneration of the nerve, the outline of which can still
be seen 5 hr later as a trail of DiI crystals (Figure 5B).are the first to go astray, like in syu mutants (data not
shown). We therefore conclude that the axons of the The majority of such successful ablations (9/12) lead to
a clear arrest of glial migration when compared to theposterior lateral line provide instructive guidance cues
for this subset of neural crest-derived glial precursors. unablated side of the same embryo (Figures 5C and
5D). The morphology of these arrested cells is clearly
different from migrating glia, as they do not extend theAblation of the Lateral Line Nerve Halts Glial
long projections characteristic of the latter (arrowhead inPrecursor Migration
Figure 5C). Interestingly, these trapped glial prescursorWhen the normal pathfinding of lateral line nerve is dis-
cells can often be observed up to 24 hr later, suggestingrupted, as in the mutant situations described above, glial
that they may be still viable in the absence of their targetprecursors always follow the misguided axons. These
axons. A small number of apparently successfully ab-genetic experiments suggest that lateral line axons pro-
lated embryos (3/12) showed continued glial migrationvide cues that alone are sufficient to guide glial migra-
even although no DiI-labeled axons could be observed.tion. However, these experiments do not test whether
Although we cannot rule out that these cells are migrat-these glial precursors have an intrinsic ability to migrate
ing in the absence of extending axons, we assume thatalong the normal path in the absence of lateral line ax-
ons. In order to address this possibility, we DiI labeled these are cases where the lateral line nerve is not com-
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pletely labeled and that some neurons survive the abla- (data not shown). We next crossed Sox10/cls mutation
into both syu and fss mutant backgrounds to ask if gliation attempt. Previous data suggest that even single
removal has any effect on the axon pathfinding defectsaxons can form an adequate substratum for glial chain
observed in these mutants. The axon pathfinding defectmigration (Figures 3C and 4C) and indeed there is contin-
in syu/cls and fss/cls double mutants is indistinguishableued glial migration after ablation attempts in which one
from the respective single mutants syu and fss (data notor two DiI-labeled axons continue to extend (not shown).
shown). This confirms that the misrouting phenotypesThe arrest of glial migration observed upon complete
observed in these mutants result from a direct effect onnerve ablation supports the idea that these cells are
the axons themselves as they cannot be suppressed byunable to migrate in the absence of nerve extension.
the removal of glial precursors. We therefore conclude
that zFoxD3-positive glia play no obvious role in theSox10/cls Is Required for Glial Precursors to
pathfinding of the axons of the posterior lateral line.Respond to Axon-Derived Guidance Cues
We next searched for mutants that uncouple the migra-
Genetic Ablation of Glial Precursors Leadstion of these two cells and thus could identify regulators
to Defasciculation and Disorganizationof this particular glia-axon interaction. The colorless (cls)
of the Posterior Lateral Line Nervemutant, which was isolated during our first zebrafish
Work from a number of labs has shown that glial cellsscreen, has been shown to have strong defects in many
can regulate the fasciculation of axons into nerve bun-neural crest derivatives (Kelsh et al., 1996; Kelsh and
dles in vivo (Hidalgo and Booth, 2000; Morris et al.,Eisen, 2000). Molecular cloning of the gene underlying
1999; Woldeyesus et al., 1999). A previous observationthis phenotype has shown that it encodes the zebrafish
suggested a role for these zFoxD3GFP-positive glial pre-homolog of Sox10 (Dutton et al., 2001), a transcription
cursors in the maintenance of posterior lateral line nervefactor previously shown to be important for crest devel-
integrity. A stochastic feature of lateral line nerve exten-opment in human and mouse, where it encodes the
sion in wild-type embryos is that there can often beWaardenburg-Shah type 4 disease (Pingault et al., 1998)
“fraying” at the leading edge of the bundle so that indi-and Dominant Megacolon loci, respectively (Herbarth
vidual axons can be clearly distinguished. When thiset al., 1998; Southard-Smith et al., 1998). In all three
occurs, the chains of glial precursors respond by branch-organisms, the loss of Sox10 function causes defects
ing accordingly, ensuring that all individual axons arein neural crest-derived structures; however, the primary
ensheathed (Figure 6A and Supplemental Movie S3 oncause of these defects is not known. By crossing
Neuron website). Furthermore, the glial cells that ridezFoxD3GFP transgenic fish to Sox10/cls mutants, we
on these individual splaying axons appear to reach outcould observe the behavior of a set of glia precursors
and contact glia on neighboring axons during the migra-in mutant embryos. At 34 hpf in Sox10/cls:zFoxD3GFP
tion process (Figure 6A and Supplemental Movie S3).transgenic embryos, zFoxD3GFP-positive cells are
This behavior in wild-type suggests that the glial precur-trapped dorsally along the entire length of the embryo
sors are aware of the fasciculation status of the axon(Figure 5F). No glial precursors can be observed along
bundle. As mentioned previously, the Sox10/cls muta-the horizontal myoseptum in mutants whereas the glia
tion uncouples this specific glia-axon interaction andin wild-type embryos have migrated caudally to the end
therefore allows us to address the role of zFoxD3GFP-of the yolk extension (Figure 5E). It remains to be deter-
positive glial precursors in regulating the fasciculationmined if this inability to migrate from their dorsal birth-
of the posterior lateral line nerve. Up until 72 hpf, theplace is due to a defect in the adoption of specific cell
lateral line nerve in Sox10/cls homozygous embryos is
fates within premigratory crest or whether Sox10 regu-
indistinguishable from wild-type. However, from this
lates neural crest migration directly. What is clear, how-
time point on, the nerve begins to unravel and individual
ever, is that these zFoxD3GFP-positive cells are unable axons can be distinguished at discrete positions. By
to locate and migrate with lateral line axons in the ab- 144 hpf, this unraveling of the nerve is severe and can
sence of Sox10/cls function. be observed along the entire length of the nerve (Figures
6C and 6E). All Sox10/cls homozygous embryos show
Glial Precursors Play No Essential Role increased defasciclulation by this stage. In wild-type
in the Pathfinding of Lateral Line Axons embryos of this age, the bundle is intact, with the excep-
Sox10/cls is the first identified mutant that disrupts this tion of the precise defasciculation events that allow a
specific glia-axon interaction. We followed extension subset of axons to innervate the neuromast mechano-
of the lateral line nerve in the absence of these glial sensory organs (Figure 6B). In Sox10/cls mutants, many
precursors in Sox10/cls:zFoxD3GFP embryos by DiD more axons can be seen to leave the nerve and terminate
injection and two-color confocal microscopy (Figure 5). at what appears to be random locations nearby. This
We could find no difference in axon behavior in these defasciclulation defect is likely to be independent of
embryos from that observed in wild-type. In the absence neuromast organ innervation as the nerve defascicu-
of glial precursors, the axons of the posterior lateral line lates in regions of cls mutant embryos that lack neuro-
migrate in a strict rostral to caudal fashion along the masts (Figure 6E). Finally, even though pathfinding of
horizontal myoseptum, as in wild-type (Figure 5 and the lateral line axons along the horizontal myoseptum
Supplemental Movie S2 on Neuron website). Further- is normal in the absence of glial precursors, by 120
more, when homozygous Sox10/cls embryos and wild- hpf, the nerve is no longer restricted to the horizontal
type siblings are compared side by side, we see that myoseptum and appears to stray ventrally. This result
axons without glia extend at the same speed as wild- indicates that glia may be required to keep the nerve
anchored to the myoseptum.type and do not demonstrate obvious pathfinding errors
Neuron
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Figure 6. Glial Ablation Leads to Lateral Line Nerve Fasciculation
(A) Timelapse of glia-axon co-migration in a wild-type embryo. A glial precursor cell running along a single defasciculated axon transiently
contacts cells on adjacent axons several times during migration. Two such glia-glia contacts are shown here.
(B–E) Glia ablation disrupts nerve bundle integrity. Anti-acetylated tubulin staining of wild-type (B and E) and Sox10/cls/ embryo (C and D)
at 6 days pf. The wild-type lateral line nerve runs along the horizontal myoseptum and forms a tight bundle with the exception of single
defasciculating axons that project ventrally (arrowheads in [B], compare to glia in Figures 2C and 7A). In the absence of zFoxD3 glial precursors,
the lateral line nerve is strongly disorganized and the bundle unzips at multiple discrete locations. This defasciculation of lateral line axons
in cls mutant embryos is also observed in the regions of the embryo where no neuromast organs are present ([D] and [E] show the first four
somites in wt and cls embryos, respectively). (See also Supplemental Movie S3 on Neuron website.)
Glial Precursors Mediate Lateral Line to the horizontal myoseptum, always form an intact bun-
dle. However, “bare” regions of these nerves are de-Nerve Fasciculation
We next asked if glia precursors alone are sufficient to fasciculated and these defasciculated regions often
coincide closely with the caudal end of the clone of wild-mediate nerve fasciculation by transplanting zFoxD3GFP-
labeled wild-type cells into nontransgenic Sox10/cls type glia (an example is shown in Figure 7B). The results
from these genetic mosaic experiments are consistentmutant embryos at the sphere stage. The wt donor cells,
in addition to expressing zFoxD3GFP in neural crest with the idea that zFoxD3-positive glial precursors regu-
late the fasciculation of the posterior lateral line nervederivatives, were labeled with a lineage tracer (Dextran
Alexa 647, Molecular Probes) to allow the identification in vivo.
of all transplanted cells. As shown in Figure 7, wild-type
cells are capable of generating glial precursors when Discussion
transplanted into Sox10/cls mutants (Figures 7A and
7B). Such a cell-autonomous requirement for Sox10/ The study of dynamic developmental processes such as
cell migration and morphogenesis is frequently hinderedcls in glial development was not unexpected as this
transcription factor had been shown to act cell autono- by the fact that commonly used techniques for staining
specific cell types depend on the fixation of samples atmously during pigment cell development (Kelsh and
Eisen, 2000). In the majority of Sox10/cls mutant em- particular time points. Once the embryo is fixed, it is
difficult to gain insight into the developmental historybryos showing zFoxD3GFP-positive glial cells, the num-
ber and pattern of glial cells were indistinguishable from of the stained cells and it is often impossible to predict
their exact future fates. In vertebrate model systems,wild-type (n  40, Figure 7A). This result demonstrates
that wild-type glial precursors can locate and migrate this problem is exacerbated by a greater degree of cell
mixing than in invariant invertebrate lineages such aswith lateral line axons in Sox10/cls mutants. Further-
more, these glial chains show the normal ventral projec- the C. elegans vulva or sensory organs in Drosophila.
Furthermore, during neural crest development, it is diffi-tions previously described for the wild-type situation
(compare Figure 7A to Figure 2B), and nerve fascicula- cult to observe differentiated cell fates prior to migration
and therefore it is highly desirable to follow individualtion is completely rescued in these embryos (data not
shown). Mosaic embryos in which there were discrete cells throughout their morphogenesis.
In the work described in this paper, we have taken“clones” of wild-type glia were more informative as they
allowed testing of the role of glial within the context of advantage of the external development and optical clar-
ity of zebrafish embryos to study axon-glia interactionsa single lateral line nerve. Regions of the lateral line
nerve ensheathed in glial cells, although rarely anchored in intact living specimens. By generating transgenic GFP
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Figure 7. Clonal Analysis Demonstrates that Glial Cells Mediate Nerve Fasciculation
(A) Transplantation of wild-type zFoxD3GFP cells into cls/ embryos. Wild-type zFoxD3GFP positive cells often reconstitute the wild-type
pattern of glia when transplanted into nontransgenic cls/ embryos and an example of such an embryo is shown here (top panel). It is clear
that the defasciculation phenotype has been rescued in this embryo as the glia show the ventral projections observed in wild-type (arrowhead).
Anti-acetylated tubulin staining of axons in such embryos confirms that the lateral line nerve is properly fasciculated (not shown). The lineage
label Alexa 647 Dextran shows the positions of all transplanted cells and confirms that these glial cells are indeed from the wild-type donor
embryo (middle panel and overlay).
(B) Glial cells along the posterior lateral line nerve in a cls/ 7 day larva. Axons are labeled using an anti-acetylated tubulin antibody and the
transplanted glia are labeled using an anti-GFP antibody. The transplanted glial cells in this larva form a discrete clone, the caudal extent of
which is marked (arrow). The region of the nerve ensheathed by glia, although not completely wild-type, appears to form an intact fasciculated
bundle. However, the nerve soon defasciculates when the glial clone ends (arrowhead). Curiously, a small gap can be seen in the chain of
transplanted glial cells and the position of this gap coincides with what appears to be projections from the lateral line nerve (broad arrow).
reporter strains, we have focused on one subset of neu- the glial precursors always follow them. For example,
the axons are repelled from the somites in shh mutantsral crest-derived glia and by introducing the transgene
into several mutant backgrounds, we have begun a ge- due to the ectopic expression of Semaphorin 3A1, a
molecule known to cause growth cone collapse in thenetic dissection of their behavior in vivo.
zebrafish. Once these axons are repelled, they enter
regions of the embryo where Semaphorin 3A1 is notGlial Precursors Depend on Axons for Guidance
present and presumably no longer dictates the directionThe aim of this work was to determine how one subset of
of their projection. If the co-migration of axons and glianeural crest-derived glial precursors are guided during
can simply be explained by the cells responding in antheir migration through the developing zebrafish em-
identical manner to a guidance molecule such as Sema-bryo. Several lines of evidence have led us to the conclu-
phorin 3A1, one would expect these cells to becomesion that during migration, these cells are dependent
uncoupled in regions where the molecule is no longeron extending lateral line axons for guidance cues. Time-
present. However, these cells are always colocalizedlapse analysis shows that although there is a remarkably
in such mutants that affect axon pathfinding. Finally,synchronized co-migration of axons and glia, the glia
defasciculation of the lateral line nerve, which is oftenalways lag slightly behind. Laser ablation of the nerve
observed during axon extension in wild-type embryosresults in the arrest of glial precursor migration and
and enhanced in mutants where pathfinding is affected,argues that the nerve forms a pathway for glial migration.
causes the chains of glial precursors to branch andMisrouting of axons in several different mutants demon-
migrate along individual separated axons. It is unlikelystrates that abnormal pathfinding of lateral line axons
that a guidance molecule that is not expressed by theleads to a concomitant mislocalization of glia. The ex-
axons themselves could guide glial cells with such preci-tending axons are the first to go astray and the glia
sion during what are seemingly stochastic events.follow. These data strongly suggest that axons deter-
What types of molecules could mediate this specificmine glial position but do not rule out the possibility that
axon-glia interaction? We have shown that glia and ax-both could be following an identical set of guidance cues
ons are coupled from a very early time point in theirwith neither cell actually guiding the other. However, the
migration, but we have not addressed how the two cellrandom pattern of axon projections in mutants such as
types initially find each other. It is possible that thesyu and fss suggests that their behavior is to some
lateral line axons secrete a chemoattractant that actsextent stochastic rather than a response to a specific
as a homing signal for this specific subset of glial precur-rearrangement of guidance cues. The axons in these
embryos appear clueless in terms of guidance and yet sors. However, as this event appears to take place in
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the hindbrain, a region through which large numbers of rons are capable of guiding vertebrate peripheral glia in
vivo by experimental manipulation. Removal of moto-crest cells migrate, there is no reason to believe that
the molecules that allow coupling of these two cell types neurons by ablation of the ventral neural tube in avian
embryos was shown to have little effect on the migrationneed act at a distance. Timelapse analysis shows that
these cells are in close contact during migration, sug- of Schwann cell precurors during early stages (Bhatta-
charyya et al., 1994). We would argue for a more instruc-gesting an important role for contact attractants such
as cell adhesion receptors in this glia-axon interaction tive role for sensory neurons in the guidance of neural
crest-derived glia as they appear to depend on normal(Tessier-Lavigne and Goodman, 1996). Genetic ap-
proaches in Drosophila have lead to the isolation of a axon extension for their migration. Studies on the Dro-
sophila peripheral nervous system also reveal an impor-number of genes that are required for ensheathment of
axons by glia, and some of these, such as wrapper tant role for axons in regulating glial migration. Glial cells
in this case migrate for relatively short distances along(Noordermeer et al., 1998) and gliotactin (Auld, 1999),
encode potential cell adhesion molecules. The identifi- the nerve during axon extension (Giangrande, 1994).
Mutations that affect the positioning of these nerves,cation of vertebrate homologs of these proteins will re-
veal whether they play a similar role in glia-axon interac- such as fused, also disrupt the migration of the glia.
However, peripheral glia in this case become trappedtions like the one described here. However, it is our
hope that the generation of zebrafish mutants that dis- at the point where the axon deviates from the normal
path and appear unable to follow the misprojected ax-rupt lateral line axon ensheathment by zFoxD3-positive
glial precursors will result in the isolation of the mole- ons into ectopic locations. This result suggests that glia
in the fly PNS will use axons as a migration substratum,cules mediating this function in the vertebrate PNS. We
have identified the transcription factor Sox10/cls as a but these axons alone are not sufficient to determine
final glial position. Here, we demonstrate that glial pre-potential regulator of such factors.
cursors of the zebrafish lateral line system also use
extending axons as a pathway for migration, and theA Role for Glial Precursors in the Organization
position of these axons is sufficient in this context toof the Posterior Lateral Line Nerve
determine glial precursor position. Studying the migra-This uncoupling of glial precursor migration and lateral
tion of neural crest glial precursors in other regions ofline axon extension, made possible by the Sox10/cls
the peripheral nervous system using the tools describedmutation, has allowed us to assign an unequivocal re-
here will determine whether this is a general mechanismquirement for these cells in vivo. The normal initial path-
for the guidance of these cells in the vertebrate embryo.finding of lateral line neurons in the absence of glial
precursors was not unexpected, as several lines of evi-
dence have shown that the migrating glial precursors Experimental Procedures
lag behind the extending growth cones. However, these
results indicate that zFoxD3GFP-positive glial precur- Zebrafish Strains
All embryos were kept at 28C and were staged according to Kimmelsors do not play an essential role in axon pathfinding.
(Kimmel et al., 1995). Embryos of the golden (Streisinger et al., 1986)By day 5, lateral line nerves developing in the absence
strain were used for transgene injection and subsequent generationof zFoxD3GFP-positive glial precursors are strongly de-
of transgenic lines. The following mutant alleles were used in this
fasciculated and disorganized, suggesting a require- study: golb1, fsste314, syutq252, clst3.
ment for these cells in the maintenance of nerve bundle
integrity. By generating genetic mosaic embryos that
Generation of zFoxD3GFP Transgenic Lineshave wild-type glial cells in an otherwise Sox10/cls mu-
Gridded genomic cosmid and PAC libraries (RZPD, Berlin) weretant background, we have shown that these glial precur-
probed with an EcoRI fragment containing the 5 878 bp of the
sors directly mediate nerve fasciculation. A similar de- zebrafish FoxD3/fkd6 cDNA . One positive cosmid and three positive
fasciculation phenotype has previously been observed PAC clones were isolated and restriction mapping and partial se-
in mouse mutants that affect Schwann cell develop- quencing confirmed that these contained the entire FoxD3 gene as
a single exon. The FoxD3GFP reporter construct that was used toment, such as ErbB2 knockout mice (Morris et al., 1999;
generate transgenic fish lines was constructed in the following way.Woldeyesus et al., 1999). In this case, Schwann cell
A 17 kb BamHI fragment that contains sequence from 14 kb to 3ablation later leads to death of motoneurons and the
kb of the FoxD3 genomic locus was isolated from the cosmid and
authors conclude that these glia have an unequivocal subcloned into pBluescript SK II (Stratagene). Using a unique MluI
role in the trophic support of these neurons (Morris et site at position 31, 176 bases upstream of the translational start
al., 1999; Woldeyesus et al., 1999). Interestingly, we ob- site, we replaced the zFoxD3 coding region with a GFP sequence,
which was inserted as a MluI-NotI fragment. The resultant constructserve no obvious death of sensory lateral line neurons
contains 14 kb of fkd6 5 regulatory sequence driving GFP (Figurein the absence of the glial precursors right up until these
1A). Transgenic fish were generated by injecting one-cell stage ze-embryos die at around day 10.
brafish embryos as described elsewhere (Gilmour et al., 2002). Be-
fore injection, plasmid DNA was linearized using a unique NotI site,
A General Mechanism for PNS Glial Precursor cleaned up using a Qiaquick spin column (Qiagen), and 0.05% Phe-
nol red (Sigma) was added as an injection tracer. We found thatMigration in the Vertebrate Embryo?
injecting the construct at 40 ng/l results in high expression levelsPrevious descriptive work in vertebrates has shown the
and a survival rate of greater than 50%. The following day, deadpresence of Schwann cells on the axons of PNS neurons
and abnormal embryos were discarded and embryos that stronglyat times when the axons are growing out, suggesting
expressed GFP were selected using a stereomicroscope with fluo-
that peripheral glia may indeed use axons as a migration rescence capability (Leica). These were raised to adulthood and
pathway (Carpenter and Hollyday, 1992). However, to tested for germline transmission by screening their progeny for the
presence of a visible GFP signal.our knowledge, only one study has tested whether neu-
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